The solution-favored conformations of the 13-residue disordered peptide, indolicidin ( 
Introduction
The classification of peptide and protein structures as "disordered" or "unstructured" raises a number of questions regarding the dynamics and functions of such species. For example, over what timescales, and in what environments do such disorder prevail? It is known that a wide range of disordered proteins is present in cells. Computations suggest that ∼10%-20% of full-length eukaryotic proteins and ∼25%-40% of protein domains may be disordered [1] . Despite the lack of defined structures, such species display a variety of functions in signaling and regulatory pathways [2] [3] [4] , contain regions prone to proteolysis and post-translational modifications [5] , and are associated with different diseases [2, 4, 6] .
The widespread existence of disordered proteins, their biological and pathological significance, as well as the limitations of current techniques in assessing their inherent conformational heterogeneity have created a need for alternative analytical methods to study disordered systems. In recent years, electrospray ionization (ESI) coupled to ion mobility spectrometry-mass spectrometry (IMS-MS) has emerged as a means to gain insight into the structures of biomolecules present in solution [7] [8] [9] [10] [11] . The evaporative cooling process of ESI can trap metastable conformers arising from solution [12, 13] , and these preserved solution-like conformations can be separated based on their size and charge with IMS-MS [7] [8] [9] [10] [11] [12] . Several studies [14] [15] [16] [17] [18] [19] [20] [21] have employed IMS-MS techniques to probe the conformational properties of disordered proteins such as ␣-synuclein [15] , HMGA (high-mobility group A) protein [16] , human salivary proline rich protein IB5 [17] , apo-cytochrome c and apo-osteocalcin [18] , DNA-binding domain of p53 [19, 20] , and Swi5-Srf1 protein complex [21] . While most of these studies are focused on studying disordered proteins, few efforts have been made to probe the conformational ensembles of disordered peptides [18] .
In the present study, we use ESI-IMS-MS to study the conformational properties of a disordered peptide indolicidin (Ile 1 -Leu 2 -Pro 3 -Trp 4 -Lys 5 -Trp 6 -Pro 7 -Trp 8 -Trp 9 -Pro 10 -Trp 11 -Arg 12 -Arg 13 ), a 13-residue antimicrobial peptide that demonstrates potent activity against Gram-positive and Gram-negative bacteria [22] , fungi [23] , HIV-I [24] , and protozoa [25] . Residues 7-10 of indolicidin constitute a Pro-Trp-Trp-Pro (or PWWP) motif, commonly found in PWWP domain proteins named after this motif [26] . Both indolicidin [26, 27] and PWWP domains of larger proteins [28, 29] are involved in DNA binding. Previous circular dichroism studies on indolicidin have shown that the peptide is unstructured in aqueous and bulk organic solution, but adopts a poly-l-proline type II helix or a ␤-turn conformation in lipids [27, 30] . Prior nuclear magnetic resonance (NMR) studies of indolicidin in water provide evidence of multiple conformations; however, no structure was determined due to the overlap of NMR signals and poor sensitivity [27] . In the presence of 50% trifluoroethanol (TFE) in water, two types of structures are deduced from the NMR studies [27] ; each type has a rigid backbone involving 5th through 11th residues (Lys 5 -Trp 6 -Pro 7 -Trp 8 -Trp 9 -Pro 10 -Trp 11 ), while C-and N-terminus are disordered. Within the rigid backbone, different modes of contact between two WPW (Trp 6 -Pro 7 -Trp 8 and Trp 9 -Pro 10 -Trp 11 ) motifs are important in distinguishing the two families of structures [27] . Similarly, NMR studies in dodecylphosphocholine (DPC) and sodium dodecyl sulfate (SDS) show well-defined region from 3rd to 11th residues (Pro 3 -Trp 4 -Lys 5 -Trp 6 -Pro 7 -Trp 8 -Trp 9 -Pro 10 -Trp 11 ), and 5th to 11th residues (Lys 5 -Trp 6 -Pro 7 -Trp 8 -Trp 9 -Pro 10 -Trp 11 ), respectively [31] .
Experimental section

IMS-MS analysis
Details regarding the home-built IMS-MS instrument [32, 33] (shown in Fig. 1 ) and the theory of IMS-MS techniques [34] [35] [36] [37] [38] have been reported elsewhere. A TriVersa NanoMate autosampler (Advion, Ithaca, NY) was used as a nanoelectrospray ionization source. The ESI source was operated under gentle conditions with no activation voltage or heat applied to the source. Ions were trapped in a Smith geometry ion funnel [39] and pulsed into the drift tube (∼1.83 m in length) filled with ∼3.0 Torr of helium buffer gas at 300 K. Under the influence of a uniform electric field, the ions undergo collisions with the buffer gas and are separated based on overall size-to-charge ratio [40] . As ions exit the drift tube, they were directed to time-of-flight (TOF) MS instrument for mass analysis. Because the mobility experiment is carried out on a millisecond time scale and the mass analysis requires only microseconds, IMS and MS information can be recorded in a nested fashion [41] . As a result, a two-dimensional representation (2D-plot) of the dataset was obtained, where mass spectra were acquired within individual drift time windows [41] .
Calculation of collision cross section
Values of collision cross sections (˝) are determined from the measured drift time (t D ) by the following relation [34] :
where ze is the total charge of the ion, k B is the Boltzmann's constant, M I and M B are the masses of the ion and buffer gas respectively, E is the electric field, L is the length of the drift tube, T is the temperature, P is the pressure, and N is the number density of buffer gas at standard temperature and pressure (STP). In the present experiment, the drift tube is operated at ∼10 V cm −1 , and radio frequencies varying from 390 kHz to 440 kHz are applied to the instrument funnels (F1, F2 and F3; Fig. 1 ).
Two-dimensional IMS-IMS experiments
The presence of an electrostatic gate G2 ( Fig. 1 ) at the entrance of F2 (Fig. 1 ) allows for the selection of a narrow distribution of ions with a given mobility to conduct two-dimensional IMS-IMS experiments. Activation of the selected ions was performed at IA2 ( Fig. 1 ) by increasing the voltage between the two lenses constituting the activation region (IA2, Fig. 1 ). Resulting distributions from activation were measured in the second part of the drift tube (D2, Fig. 1 ) and finally mass analyzed by the TOF MS. In the present work, ions pertaining to conformers B and C were selected (selection width 10 s) and gradually activated to voltages ranging from 10 V to 100 V.
Molecular dynamics simulations
The experimental IMS-IMS activation process can be used to anneal selected structures, and complementary molecular dynamics simulations can be used to find suitable candidate structures that may correlate with the experimental data, providing insight into what conformers may be present for indolicidin. Simulated annealing studies of indolicidin in vacuum were performed with GROMACS 4.6.5 [42] software using the OPLS-AA/L all atom force field [43] . Atomic coordinates for eight candidate solution-phase structures, containing different stereoisomeric forms of the three Xaa-Pro peptide bonds, were generated from the NMR structure deposited in the Protein Data Bank (PDB code, 1G89) [27] . The cisand trans-configuration of the Xaa-Pro peptide bond in the NMR structure was altered using PyMOL (DeLano Scientific, San Carlos, CA, USA) [44] . For each candidate solution-phase structures, four sites of protonation were assigned at Lys 3 , Arg 12 , Arg 14 , and the N-terminus. The LINCS algorithm [45] was used to constrain all peptide covalent bonds and no cut-offs were applied for periodic boundary conditions and non-bonding interactions. Each initial starting structure was then subjected to an energy minimization process to ensure that there was no steric clashes or inappropriate geometry in the system. Similar to previous approach [9] , the resulting structure from the minimization process was heated up to 500 K for 5 ps (each time step = 1 fs), equilibrated at the same temperature for 10 ps, and finally cooled to 298 K for 5 ps. Simulations were then performed at 298 K for 10 ps and the trajectory for each run of simulation was sampled at 10 ps. This annealing cycle of heating and subsequent cooling was repeated 100 times (total run of 3 ns), where the resulting structure from each run became the input structure for the next round of the annealing process. As a result, 100 annealed structures were created from each initial structure, generating a total of 800 annealed structures. The theoretical collision cross sections values for the 10 low-energy structures from each candidate solution structure were calculated by the trajectory method (TM) in MOBCAL [35] . Single representative geometry with relatively low energy and calculated cross section within ± 2% of the measured cross section was then selected to be the proposed structure. For all the conformers, majority of the low-energy structures with matching cross section had same cis-and trans-configuration. Hydrogen bonds in the representative geometries for conformers A, B, and C were determined with Visual molecular dynamics (VMD) software [46] . The distance cut-off of 4.0 and the angle cut-off of 40 were used to search for the hydrogen bonds. Turn-and coil-like structures present in the geometries of conformer A, B, and C were identified using the default feature in VMD [46] .
Sample preparation
Indolicidin extracted from bovine neutrophils (>95% purity) was purchased (GenScript USA Inc.; Piscataway, NJ) and used without further purification. Solution compositions ranged from 100:0 to 10:90 water:organic solvent (v:v). Dioxane, TFE, and hexafluoroisopropanol (HFIP) were used as organic solvents. Fig. 2 shows the 2D-plot from the nested IMS-MS measurement of indolicidin when electrosprayed from pure water solution. In the mass spectrum, [M+4H] 4+ is the dominant charge state (accounts for >95% of the total ion population) and thus is the focus of this study. The mobility distribution shows three peaks corresponding to families of co-existing conformers, i.e., A at 14.94 ms comprising ∼3% of the distribution, followed by B at 15.24 ms comprising ∼53% of the distribution and C at 15.84 ms comprising ∼44% of the distribution. The observation of multiple conformations in water is in agreement with data from NMR studies [27] . Fig. 3 shows the mobility distributions of indolicidin obtained from solutions with varying contents of dioxane, TFE, and HFIP. In water, the three observed peaks correspond to the collision cross sections of = 441 Å 2 (A), = 450 Å 2 (B), and = 468 Å 2 (C). As the amount of organic solvent increases in solution, the relative abundance of conformer C increases accompanied by a decrease in the relative abundance of conformer B. The presence of two major conformers (B and C) in 50:50 water:TFE solution is consistent with the observations from NMR studies [27] . New elongated features, not present in pure water solution, are observed in solution with increasing proportion of organic solvent in the solution. For instance, new features with = 485 Å 2 and = 490 Å 2 are present in the mobility distribution obtained from solutions with 90% dioxane, TFE, and HFIP. These peaks might arise from solvent complexes that dissociate after IMS separation, but before mass detection. Such solvent adduct peaks have also been also observed previously [47] . The low dielectric constant of the solution with high amount of organic solvent might promote the formation of these complexes. The role of non-polar solvent in promoting aggregation has been demonstrated before as well [48] .
Results and discussion
Nested IMS-MS measurements of indolicidin in water
Mobility distributions of indolicidin ions in different solutions
Dioxane, TFE, and HFIP are commonly used solvents for structural studies in solution because of their role in increasing protein helicity [49] [50] [51] . The non-polar nature of dioxane is known to promote intramolecular hydrogen bonds in proteins, and is associated with an increase in their helical properties [49] . TFE also promotes intramolecular hydrogen bonding and stabilizes the secondary structure in peptides by displacing water molecules surrounding the peptides [50] . It is interesting to note that even a low percent of dioxane (2%) in solution induces a significant difference in the conformational distribution of indolicidin (relative abundances of conformer B and C are 25% and 72%, respectively). We also notice that solutions with 10-30% HFIP induce a greater change in the relative abundances of conformers B and C when compared to solutions with 10-30% TFE. For example, in solution with 10% TFE, conformer B and C are present in equal abundances; however, the relative abundance of conformer C (53%) is greater than conformer B (45%) in solution with 10% HFIP. This observation supports the idea that HFIP is better than TFE at stabilizing secondary structures in peptides due to the added fluorine atoms and bulkier isopropyl groups [50] . The influence of these organic solvents on the gas phase conformers of indolicidin suggest that different states in solution can generate dissimilar gas phase conformers upon dehydration, and can be distinguished with IMS-MS. Fig. 4 shows the mobility profiles obtained when a narrow distribution of ions corresponding to conformer B ( = 450 Å 2 ) or conformer C ( = 468 Å 2 ) is selected at G2 (Fig. 1) and submitted to the annealing process associated with collisional activation. Conformer C is present in low abundance when conformer B is selected at G2 (Fig. 4a) . However, no feature corresponding to conformer B is observed upon selection of conformer C (Fig. 4b) . At low activation voltages (10-40 V), selection and activation of both conformers B and C produce no major change. The transition of conformer B to conformer C is observed when the activation voltage is increased from 40 V to 70 V (Fig. 4a) . In the case of conformer B, conformers B and C are present in equal abundances at 55 V; however, conformer C dominates the distribution at 70 V. Beyond 70 V, no change is observed in the populations of conformers B and C. Conformer C, on the other hand, is relatively stable (Fig. 4b) , and doesn't undergo major structural changes. Conformer B is present in low abundance only at high activation voltages (40-70 V). Independent of the initial conformer selected, higher activation voltages produce a quasi-equilibrium distribution [8] and favor the formation of elongated conformer C. This observation is consistent with prior studies that show how all annealed ions, above a certain energy barrier between states, collapse to form the same quasi-equilibrium populations [8] .
Relative stabilities of conformers in [M±4H] 4± distribution of indolicidin
It is interesting to note unique behaviors displayed by conformers B and C upon activation. Conformer B favors the formation of conformer C at high activation voltages. It can, thus, be inferred that conformer B present at low activation voltages is a solutionlike structure that retains some memory of elements relevant to its initial structure in solution. Conformer C remains as the stable conformation type in all-activating conditions, and most likely represents the stable extended structure present in solution. The inability of conformer C to form conformer B in vacuo further strengthens the argument that conformer B is a solution-related structure, which is not stable in vacuo but accessible only in the presence of solvent. Our solution studies also demonstrate how aqueous environment is important for the stability of conformer B since nonaqueous environment with higher content of organic solvent favored conformer C. 
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Insight into various structures of peptide using molecular dynamics simulations
Simulated annealing studies were performed to get a feeling for the types of structures present for indolicidin ions. The proposed low-energy structures for various conformers are shown in Fig. 5 . The outcome of the simulated studies suggests that the cis-trans isomerization of proline residues may be important for the presence of multiple conformations. In the suggested geometries of conformers A ( calculated = 435 Å 2 ) and B ( calculated = 445 Å 2 ), the configuration of proline residues is cis-Pro 3 , trans-Pro 7 , and trans-Pro 10 . On the other hand, the proposed structure of conformer C ( calculated = 473 Å 2 ) has proline residues in trans-Pro 3 , cis-Pro 7 , and trans-Pro 10 configurations. Since the proposed structures of conformers A and B are very similar, it is possible that they originate from the same structure in solution. However, we take great care to minimize any activation in the source during electrospray. So, we believe that these two conformers originate from unique solution structures. Previous studies have shown that the hydrogen-bonding interactions around the protonated N-terminus seems to play an important role in the stability of cis-Pro configuration in various peptides [9, [52] [53] [54] . Consistent with these earlier findings, compact conformers A and B (with cis-Pro 3 ) are stabilized by hydrogen-bonding interactions involving the protonated N-terminus. In conformer A, a distinct bend near the N-terminus is stabilized by two hydrogen bonds; one between the protonated N-terminus and carbonyl oxygen of Lys 3 and other between the NH group of Trp 8 and carbonyl oxygen of Leu 2 . On the other hand, the bend for conformer B is stabilized by a single hydrogen bond between the protonated N-terminus and Lys 3 . Meanwhile, no hydrogen-bonding interactions involving N-terminus is found in elongated conformer C.
Summary and conclusions
IMS-MS is used to monitor the solution-induced changes in the conformational populations of indolicidin. When electrosprayed from water, [M+4H] 4+ charge state of indolicidin exists as an ensemble of two major conformers (B and C) and one minor conformer (A). When the content of organic solvents (dioxane, TFE, and HFIP) increases in solution, the elongated conformer C is more favored and becomes the dominant conformer type. The stabilities of conformers B and C in solvent-free environment are further probed with IMS-IMS-MS experiments. Both IMS-MS and IMS-IMS-MS studies suggest that compact conformer B is favored in aqueous solution but not in gas phase. In contrast, conformer C is favored in vacuo and in nonaqueous environment. Molecular modeling suggests that cis-trans isomerization of proline residues may influence the structures of indolicidin. Overall, we find evidence for at least four stable conformer types present for indolicidin under different solution conditions, which highlights the ability of IMS-MS to monitor populations of conformers present in systems classified as "disordered". IMS-MS analysis is also sensitive to conformers present in low abundances (e.g., A) that are harder to detect with current structural techniques. For disordered systems that can sample many structures, the structural characterization of multiple coexisting structures, including those present in low abundance, will be important to understand how these dynamic structures facilitate various biological functions. While we have focused on the ability to ascertain structural elements in what is nominally a disordered peptide, this peptide is also known to have antimicrobial properties; thus, while not stressed in detail, IMS-MS may emerge as a powerful means of characterizing the structures and mechanistic activity of antimicrobial peptides that exhibit broad activity against various pathogens despite the lack of secondary structure. Insight into the conformational preferences of such peptides, which is not easily ascertained by other techniques, may guide the development of better therapeutics.
